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ABSTRACT
The structure and kinematics of gaseous, disk-halo interfaces are imprinted with the processes that
transfer mass, metals, and energy between galactic disks and their environments. We study the ex-
traplanar diffuse ionized gas (eDIG) layer in the interacting, star-forming galaxy NGC 5775 to better
understand the consequences of star-formation feedback on the dynamical state of the thick-disk in-
terstellar medium (ISM). Combining emission-line spectroscopy from the Robert Stobie Spectrograph
on the Southern African Large Telescope with radio continuum observations from Continuum Halos in
Nearby Galaxies - an EVLA Survey, we ask whether thermal, turbulent, magnetic field, and cosmic-
ray pressure gradients can stably support the eDIG layer in dynamical equilibrium. This model fails
to reproduce the observed exponential electron scale heights of the eDIG thick disk and halo on the
northeast (hz,e = 0.6, 7.5 kpc) and southwest (hz,e = 0.8, 3.6 kpc) sides of the galaxy at R < 11
kpc. We report the first definitive detection of an increasing eDIG velocity dispersion as a function
of height above the disk. Blueshifted gas along the minor axis at large distances from the midplane
hints at a disk-halo circulation and/or ram pressure effects caused by the ongoing interaction with
NGC 5774. This work motivates further integral field unit and/or Fabry-Perot spectroscopy of galax-
ies with a range of star-formation rates to develop a spatially-resolved understanding of the role of
star-formation feedback in shaping the kinematics of the disk-halo interface.
Subject headings: galaxies: individual(NGC 5775) — galaxies: ISM — ISM: kinematics and dynamics
1. INTRODUCTION
In Milky Way-type galaxies, the gaseous, disk-halo in-
terface is shaped by processes that regulate the growth
of galaxies at low redshift. These processes include
star-formation feedback, which drives galactic foun-
tains (Shapiro & Field 1976; Bregman 1980) and galac-
tic winds (e.g., Veilleux et al. 2005), as well as cold
gas accretion necessary to sustain star formation over
cosmic lifetimes (e.g., Larson et al. 1980). Well known
galaxy scaling relationships, including the stellar-mass -
halo-mass and mass-metallicity relations (e.g., Silk 2003;
Tremonti et al. 2004), suggest that mass, metals, and en-
ergy cycle through the disk-halo interface in ways that
have important implications for galaxy evolution.
These observations motivate a careful study of the ver-
tical structure, support, and kinematics of the gaseous,
disk-halo interfaces of nearby galaxies. A long-standing
challenge to our understanding of the dynamical state of
the thick-disk interstellar medium (ISM) is the presence
of extraplanar diffuse ionized gas (eDIG) layers in the
Milky Way and other star-forming galaxies. Vertically-
extended, photoionized, diffuse (T ∼ 104 K, 〈ne,0〉 ∼ 0.1
cm−3) gas is observed in galaxies with star-formation
rates comparable to or exceeding that of the Galaxy
(Lehnert & Heckman 1995; Rossa & Dettmar 2003). A
particularly puzzling feature of eDIG layers is that their
observed exponential electron scale heights (hz,e ∼ 1
kpc) exceed their thermal scale heights (hz,e,th ∼ 0.2
∗Based on observations made with the Southern African Large
Telescope (SALT) under programs 2015-1-SCI-023 and 2016-2-
SCI-029 (PI: E. Boettcher).
kpc) by factors of a few in the Milky Way (Haffner et al.
1999) and nearby, edge-on disk galaxies (e.g., Rand 1997;
Collins & Rand 2001). As yet, the large scale heights of
eDIG layers have defied full explanation with ballistic
(e.g., Collins et al. 2002) and (magneto)hydrodynamic
models (e.g., Hill et al. 2012).
A simple question that can be asked is whether there
is sufficient vertical pressure to stably support eDIG
layers in dynamical equilibrium if turbulent, magnetic
field, and cosmic-ray pressure gradients are invoked in
addition to the thermal pressure gradient. While dy-
namical equilibrium has been considered as a viable
model for the vertically-extended ISM in the Milky Way
(Boulares & Cox 1990; Fletcher & Shukurov 2001), this
question has only recently been considered in detail for
eDIG layers in external galaxies. Boettcher et al. (2016)
demonstrated that thermal and nonthermal pressure gra-
dients are only capable of stably supporting the eDIG
layer in NGC 891 at large galactocentric radii (R ≥ 8
kpc). However, application of such analysis to other
galaxies is desired, including those with differing star-
formation rates and interaction histories. In the absence
of dynamical equilibrium, it is then apt to ask whether
there is kinematic evidence for a nonequilibrium process
such as a galactic fountain, wind, or accretion flow.
Here, we perform a dynamical study of the eDIG layer
in the nearby, edge-on disk galaxy NGC 5775 (SBc?
sp; de Vaucouleurs et al. 1991). This well-studied, star-
forming galaxy is viewed at an inclination angle of i =
86◦ (Irwin 1994), and we adopt a distance of D = 28.9
Mpc (1′′ = 0.14 kpc; Irwin et al. 2012). NGC 5775 has
an IRAS far-infrared surface brightness of LFIR/D
2
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8.4 × 1040 erg s−1 kpc−2 that is consistent with the
more quiescent of starburst systems (Collins et al. 2000;
Rossa & Dettmar 2003). One of its most noteable fea-
tures is its interaction with companion galaxy NGC 5774;
there is evidence that this barred spiral galaxy is do-
nating neutral hydrogen gas to NGC 5775 via an HI
bridge characterized by Irwin (1994), enhancing the star-
formation rate of the latter galaxy. NGC 5775 has a
spatially-extended, multiphase gaseous halo whose struc-
ture and kinematics shed light on the disk-halo connec-
tion in star-forming systems (e.g., Irwin 1994; Rand 2000;
Tu¨llmann et al. 2006; Li et al. 2008).
The structure, ionization, and kinematics of the eDIG
layer in NGC 5775 have been the subject of exten-
sive study. Narrow-band imaging reveals a highly fil-
amentary eDIG layer superimposed on a diffuse back-
ground (Collins et al. 2000). This galaxy has one of
the most vertically-extended emission-line halos known;
Rand (2000) detected emission to z = 15 kpc, corrected
for our choice of D. The evolution of the emission-
line ratios with height above the disk suggests the pres-
ence of a supplementary source of heating and/or ion-
ization in addition to photoionization, such as shocks
or turbulent mixing layers (e.g., Tu¨llmann et al. 2000;
Collins & Rand 2001; Otte et al. 2002). The interplay, if
any, between dynamical processes in the eDIG and sup-
plementary sources of heating and ionization remains an
open question. Heald et al. (2006) probe the kinematics
of the eDIG layer using Fabry-Perot spectroscopy, reveal-
ing a rotational velocity lag in the extraplanar gas within
a few kiloparsecs of the disk.
Consideration of the role of extraplanar magnetic fields
and cosmic rays in the dynamics, heating, and/or ion-
ization of the eDIG in NGC 5775 is motivated by the
detection of an extensive (z ∼ 12− 17 kpc, corrected for
D) radio continuum halo (Duric et al. 1998). More re-
cently, the synchrotron halo of NGC 5775 has been stud-
ied by Continuum Halos in Nearby Galaxies - an EVLA
Survey (CHANG-ES). A goal of this program is to char-
acterize the nonthermal halos of 35 nearby, edge-on disk
galaxies at 1.5 and 6 GHz with the Karl G. Jansky Very
Large Array (Irwin et al. 2012; Wiegert et al. 2015). A
Faraday rotation study by Soida et al. (2011) examined
the large-scale structure of the magnetic field in NGC
5775, revealing a plane-parallel field close to the disk and
an increasingly X-shaped field in the halo. Collins et al.
(2000) present evidence for a spatial correlation between
Hα filaments, HI shells, and radio continuum “spurs”
suggestive of a galactic chimney model. These correla-
tions motivate a better understanding of how gas, mag-
netic fields, and cosmic rays are transported by disk-halo
flows and whether or not they are able to achieve a mu-
tual equilibrium state.
This paper is presented as follows. In §2, we de-
scribe the collection, reduction, and analysis of opti-
cal and near-ultraviolet (NUV) longslit spectroscopy ob-
tained with the Robert Stobie Spectrograph (RSS) on
the Southern African Large Telescope (SALT). In §3.1,
we characterize the eDIG density distribution, and we
discuss the emission-line ratios and their implications for
the physical conditions in the eDIG layer in §3.2. We
describe the radial velocities and velocity dispersions in
§3.3. In §4, we develop and test a dynamical equilib-
rium model of the eDIG layer and consider whether it
TABLE 1
NGC 5775 Observing Summary
Slit R.A. a Decl. a P.A. b texp
Label (J2000) (J2000) (deg) (s)
s1 14 53 57.6 +03 32 40 55.7 5× 1600
s2 14 53 56.2 +03 32 26 145.7 4× 1615
s3uv 14 53 56.0 +03 33 20 55.7 3× 1670
s3o 14 53 56.0 +03 33 20 55.7 2× 1660
a The R.A. and decl. at the center of the slit. R.A. is mea-
sured in hours, minutes, and seconds; decl. is measured in
degrees, arcminutes, and arcseconds.
b The position angle measured from north to east.
is robust against the Parker instability. We discuss our
results in the context of the literature in §5 and conclude
with motivation for future observations in §6.
2. OBSERVATIONS
2.1. Data Collection
We used the optical and NUV capabilities of RSS
(Burgh et al. 2003; Kobulnicky et al. 2003) in longslit
mode on SALT (Buckley et al. 2006). We placed one
slit on the minor axis (PA = 55.7◦, s1) and a second slit
parallel to the major axis and offset by ∆z = 3.5 kpc on
the southern side of the galaxy (PA = 145.7◦, s2; see Fig.
1). We used a 1.25′′ width for the 8′ longslits and the
pg2300 grating at an angle of 48.875◦. This produced
a dispersion of 0.26 A˚ pixel−1, a spectral resolution of
R = 4830 (σ = 26 km s−1) at Hα, and wavelength cov-
erage from 6100 A˚ to 6900 A˚, including the [NII]λλ6548,
6583, Hα, and [SII]λλ6717, 6731 emission lines. We ob-
tained these data between 2017 February 23 and 2017
March 04.
We also placed a slit perpendicular to the disk at R =
6.5 kpc on the northwest side of the galaxy (PA = 55.7◦,
s3; see Fig. 1). This slit falls along a bright filament
detected in Hα imaging by Collins et al. (2000). We ob-
tained two sets of observations at this location: moderate
spectral resolution observations of the [OII]λλ3726, 3729
emission-line doublet (s3uv), and low spectral resolution
observations with wavelength coverage from [OII]λλ3726,
3729 to [NII]λλ6548, 6583 (s3o). The [OII] doublet is a
powerful eDIG tracer because it is comparably bright
to Hα (e.g., Otte et al. 2002) and is found in the NUV
regime where the terrestrial sky foreground is minimal
compared to the optical.
For the s3uv observations, a 1.5′′ slit width and the
pg3000 grating at an angle of 34.25◦ yielded a dispersion
of 0.24 A˚ pixel−1 and a spectral resolution of R = 2400
(σ = 53 km s−1) at [OII]. For s3o, the pg0900 grat-
ing at an angle of 13.625◦ produced a dispersion of
0.97 A˚ pixel−1 and a spectral resolution of R = 620
(σ = 205 km s−1) at [OII] and R = 1140 (σ = 112
km s−1) at Hα. We obtained these observations be-
tween 2015 June 17 and 2015 August 06. For all data,
we used 2 × 2 on-chip binning to yield a plate scale of
0.25′′ pixel−1. We note the coordinates, position angles,
and exposure times in Tab. 1.
2.2. Data Reduction
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Fig. 1.— SALT-RSS longslits overplotted on a POSS2/UKSTU
Red image of NGC 5775 from the Digitized Sky Survey (Second
Generation; http://stdatu.stsci.edu/cgi-bin/dss form). We ob-
tained optical observations with moderate spectral resolution at
the locations of the blue slits and NUV ([OII]λλ3726, 3729; mod-
erate resolution) and optical (low resolution) observations at the
location of the green slit. The plus and minus signs indicate the
sign conventions applied to the vertical (z) and radial (R) coordi-
nates.
We performed the data reduction using a combina-
tion of the PySALT science pipeline1 and IRAF soft-
ware2. We utilized PySALT (Crawford et al. 2010) to
apply the bias, gain, and cross-talk corrections as well
as for the image preparation and mosaicking. Us-
ing the IRAF L.A.Cosmic package (van Dokkum 2001),
we removed cosmic rays from the images. With
the IRAF tasks noao.twodspec.longslit.identify,
reidentify, fitcoords, and transform, we determined
the dispersion solution using Ar comparison lamp spec-
tra for s1 and s2. ThAr and Ar comparison lamp spectra
were used for the low and moderate spectral resolution
observations of s3.
In s1 and s2, there is a count background of currently
unknown origin that varies along both the spatial and
spectral axes. The presence of this background - identi-
fied as elevated counts above the bias - on both the illu-
minated and non-illuminated portions of the CCD chip
confirm its origin as separate from the sky continuum.
It contributes as much as 85% of the sky continuum at
the blue end of the spectral range, but less than 20%
of the sky continuum near the emission lines of interest.
Due to the difficulty in separating the contributions from
this background, the sky, and the galaxy, we fit and re-
move all three contributions to the continuum simultane-
ously. This is done by modeling the continuum pixel row
by row in the spectral direction in the two-dimensional
spectrum using a fifth-order Chebyshev function in the
IRAF task noao.twodspec.longslit.background. We
assume that the unidentified background, sky, and galaxy
1 http://pysalt.salt.ac.za/
2 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
continuum all contribute Poisson noise in the error esti-
mation.
Our approach to sky-line subtraction differed depend-
ing on the slit position. For s1 and s3, we created median
sky spectra from the ends of the slits that were free from
galaxy emission. Before performing the sky subtraction,
we scaled the sky spectrum by a multiplicative factor
that we allowed to vary in the spatial dimension based on
the relative strength of the sky lines across the slit. For
s2, we did not know beforehand what fraction of the slit
would be filled with galaxy emission. We thus obtained a
single separate sky observation immediately following the
first object observation along a telescope track that repli-
cated the object track, exposure time, and instrument
setup. Based on the relative intensities of the sky lines
in the object and sky frames, we scaled the sky observa-
tion by a multiplicative factor before subtracting it from
the object observations. Due to the count background
mentioned previously, we fit and removed the continuum
from both the sky and object frames before performing
the sky-line subtraction.
We stacked the sky-subtracted science frames by align-
ing them in the spatial dimension based on the location of
the peak Hα or [OII] emission. We then used the IRAF
task images.immatch.imcombine to perform a median
combine of the images with median scaling and weight-
ing. To extract individual spectra, we performed a me-
dian combine over an aperture of 11 pixels; this is a com-
promise between optimizing the spatial resolution (∼ 385
pc aperture−1) and the signal-to-noise ratio (S/N), while
also mitigating the effects of the curvature of the spec-
tral axis with respect to the CCD chip. We calculated
the Poisson error on the raw data frames and propagated
the uncertainty through the reduction and analysis.
2.3. Flux Calibration
Using observations obtained on 29 March 2016 and 25
February 2017, we performed the relative flux calibration
for s3o and s1/s2 using the spectrophotometric standard
stars Hiltner 600 and HR5501, respectively. No relative
flux calibration was performed for s3uv due to the small
wavelength range of interest around the [OII] doublet.
Absolute flux calibration cannot be performed with
SALT alone due to the time-varying collecting area. We
calibrated the Hα intensities along the minor axis using
calibrated Hα narrow-band imaging obtained from the
Hubble Legacy Archive3 (PI: Rossa; Proposal ID: 10416).
The observations were taken using ACS/WFC on the
Hubble Space Telescope (HST ) with the f658n filter. We
convolved the image with a two-dimensional Gaussian
with full width at half maximum (FWHM) equal to the
average seeing at the SALT site (FWHM = 1.5′′) using
the IDL function gauss_smooth.
To determine the Hα calibration factor, we computed
the mean flux over the bandpass for each extracted spec-
tral aperture in the HST data using the PHOTFLAM
keyword. We then compared this to the mean flux in the
sky-subtracted SALT spectra convolved with the HST
bandpass. We performed the analysis within |z| ≤ 5 kpc,
but we restricted our determination of a median calibra-
tion factor to within |z| ≤ 2 kpc due to declining S/N at
large z. The SALT-RSS slit width is sampled by 25 HST
3 https://hla.stsci.edu/
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pixels, a sufficient number to avoid an infinite aperture
correction. We do not account for uncertainty in the flux
calibration in the error budget.
2.4. Emission-line Detection and Fitting
We determined the detection limits for emission lines
as follows. We identified statistically significant fluctu-
ations in the spectra by first fitting and removing any
remaining continuum; the fit was performed by masking
emission lines and smoothing the spectrum with a broad
Gaussian kernel (σ ∼> 15 A˚). We then divided the spec-
trum into intervals equal to the expected FWHM of the
emission lines (FWHM = 2.5 - 6 A˚). Within each inter-
val, we summed the counts per A˚; we then fit the result-
ing distribution of integrated intensities with a Gaussian
function and determined its standard deviation. We de-
fined detections to be intervals whose integrated intensi-
ties were statistically significant at the 5σ level.
We characterized the intensities, velocities, and veloc-
ity dispersions of detected emission lines by fitting them
with single Gaussians using the IDL function gaussfit.
The S/N does not permit reliable identification of multi-
ple Gaussian components. The least-squares fitting rou-
tine also returns uncertainties on the best-fit parameters.
In the Appendix, we show example spectra from s1, as
well as the model fits and their residuals. We also include
measured intensities, velocities, velocity dispersions, and
emission-line ratios in online-only tables.
Due to partial blending of the [OII] doublet in the s3uv
observations, we fit the doublet with a sum of two Gaus-
sians by minimizing the χ2 statistic over a parameter
grid (χ2 = Σ
(Iλ,obs−Iλ,mod)
2
σ2
obs
, where Iλ,obs and Iλ,mod are
the observed and modeled specific intensities and σobs is
the uncertainty on the observed quantity). We judge by
eye that the blended Gaussian fits are only reliable at
detection levels of at least 7σ, and thus we only report
the results of these fits. The 1σ error bars on the best-
fit parameters were determined from the models within
χ2 ≤ χ2min + ∆χ
2, where ∆χ2 = 3.53 for three free pa-
rameters ( Iλ3726Iλ3726,3729 , v[OII], and σ[OII]).
All emission-line widths reported in this paper are the
standard deviations of the Gaussian fits and are cor-
rected for the instrumental resolution determined from
the comparison lamp spectra. The radial velocities are
presented as heliocentric velocities calculated using the
IRAF task astutil.rvcorrect. Line ratios are cor-
rected for Galactic extinction using the reddening law
of Cardelli et al. (1989) assuming RV = 3.1 and A(V ) =
0.115 (Schlafly & Finkbeiner 2011). We do not correct
for internal extinction or for the underlying stellar ab-
sorption spectrum.
3. RESULTS
We detect one or more emission lines to spatial extents
of −7.3 kpc ≤ z ≤ 8.0 kpc in s1, to −8.5 kpc ≤ z ≤
10 kpc in s3o, and to −11.6 kpc ≤ R ≤ 13.5 kpc in s2. In
s3uv, we detect [OII] emission to −8.5 kpc ≤ z ≤ 7.3 kpc;
detections at the 7σ level or higher required for a reliable
fit are restricted to |z| ≤ 5.8 kpc (see §2.4). Here, z is the
vertical coordinate, where positive z is on the northeast
side of the disk and negative z is on the southwest side.
We choose z = 0 to correspond to the main dust lane
in the disk, and we do not correct for inclination angle.
R, the radial coordinate, is defined to be positive and
negative west and east of the minor axis, respectively
(see labels in Fig. 1).
3.1. Hα Intensity Profile
We fit the Hα intensity, IHα, as a function of height,
z, along the minor axis. The goal of the fitting is to de-
termine the eDIG electron density, ne(z), and the expo-
nential electron scale height, hz,e. Since our observations
are integrated in galactocentric radius and ne(z) and hz,e
may depend on R, we take the best-fit values of these
parameters as representative of their characteristic val-
ues. We perform the fit along the minor axis because Hα
imaging indicates a lack of filamentary structure at this
location (Collins et al. 2000), giving us the best sense of
the vertical structure of the diffuse layer.
We exclude observations within |z| ≤ 1 kpc to avoid
contamination by HII regions, dust extinction, and un-
derlying stellar absorption in the disk. There is evidence
for extraplanar dust in NGC 5775, including PAH and H2
emission with scale heights of ∼ 0.7−1.1 kpc (Rand et al.
2011). Molecular gas and dust are also detected to |z| ≤ 5
kpc in discrete locations that appear to coincide with HI
supershells (Lee et al. 2002; Brar et al. 2003); however,
no such features are seen along the minor axis at the lo-
cation of s1. Thus, we assume that the impact of dust
extinction on the measured eDIG scale height and den-
sity distribution above |z| ∼ 1 kpc is minor.
We perform the fitting using the IDL function
mpfitfun. This routine performs a Levenberg-
Marquardt least-squares fit of a user-supplied function
to a data set. We fit a single exponential function of the
form:
IHα(z) = IHα(0)e
−|z|/hz , (1)
as well as a double exponential function given by:
IHα(z) = IHα,1(0)e
−|z|/hz,1 + IHα,2(0)e
−|z|/hz,2. (2)
Here, IHα(0) is the intensity of the eDIG layer at z = 0
kpc and hz is the emission scale height. We associate
components 1 and 2 with the thick disk and the halo,
respectively. As shown in Fig. 2, the double exponential
provides a much better fit to the intensity profile than
the single exponential at large z.
From the IHα(z) profile, we can estimate ne(z) as fol-
lows. IHα(z) depends on ne(z), the electron tempera-
ture, T4, and the volume filling factor, φ, according to:
IHα(z) =
∫
φne(z)
2dl
2.75T 0.94
. (3)
Using standard units for the emission measure, IHα(z)
is measured in Rayleighs, φn2e is given in cm
−6, T4 has
units of 104 K, and the integral is performed over the line
of sight (
∫
dl = L for L in parsecs) (e.g., Haffner et al.
1998).
If φ and ne are assumed to be constant along a given
line of sight, then we can express the observable quantity
φne(z)
2 as:
φne(z)
2 =
IHα(z)(2.75T
0.9
4 )
L
. (4)
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Fig. 2.— Best-fit, one-component (dashed lines) and two-
component (solid lines) models of IHα as a function of z along
the minor axis (s1). Best-fit parameters are given in Tab. 2. Pink
points (|z| > 1 kpc) are included in the fit. The dotted line indi-
cates the detection threshold. The slight inclination of the galaxy
from edge-on may contribute to the asymmetry in the IHα profile
between the northeast and southwest sides of the disk.
We take the radial extent of the eDIG layer determined
by Collins et al. (2000), R = 14 kpc, to estimate L =
2R = 28 kpc (note that R has been adjusted for D).
We do not include any radial dependence, such as a
radial scale length of the form ne(R) ∝ e
−R/hR , for
the derived densities. Evidence for such a dependence
is not clear from existing imaging and spectroscopy. The
Hα imaging of Collins et al. (2000) indicates that the
eDIG morphology is largely filamentary, with local den-
sity enhancements dominating over large-scale trends.
The radial density profile derived from Fabry-Perot spec-
troscopy by Heald et al. (2006) also suggests a clumpy
rather than smooth structure. In light of this, we neglect
a formal radial density dependence in our analysis and
instead briefly consider the impact of including an eDIG
radial scale length, hR, on the success of the dynamical
equilibrium model in §4.5.
The best-fit values of φne(0)
2 and hz,e for the single,
thick disk, and halo components are given in Tab. 2.
Note that due to the n2e dependence of IHα, the expo-
nential electron scale height is twice the emission scale
height, or 2hz = hz,e. We quantify the uncertainties on
the best-fit values of φne(0)
2 and hz,e by perturbing the
values of IHα by increments randomly drawn from Gaus-
sian distributions with standard deviations equal to their
1σ error bars. We then refit the perturbed intensity pro-
file and calculate the difference between the original and
perturbed best-fit values. We repeat this process until
the median differences converge (103 iterations); these
median values are the uncertainties reported in Tab. 2.
Note that this approach does not account for systematic
effects such as the deviation of the inclination angle from
90◦ and uncertainty in the flux calibration.
We also compare our best-fit parameters to past mea-
surements of hz,e and φne(0)
2 in Tab. 3. Our scale
heights are broadly consistent with the results of these
single-component fits, although it is clear that variation
exists as a function of R. Our minimum thick-disk scale
height (hz,e = 0.6 kpc) and our maximum halo scale
height (hz,e = 7.5 kpc) bracket existing measurements of
the scale height at various R. Thus, by testing a dynam-
ical equilibrium model of each of our thick-disk and halo
components both separately and together, we will assess
the success of this model over a representative range of
choices for hz,e.
We estimate the total mass in the eDIG layer from
the observed density distribution and an assumed volume
filling factor. For φ = 1 (φ = 0.1), we findMeDIG = 1.1×
1010 M⊙(MeDIG = 3.5× 10
9 M⊙) on the northeast side
of the disk and MeDIG = 8.4× 10
9 M⊙(MeDIG = 2.6×
109 M⊙) on the southwest side. 65% (54%) of the mass
is found in the thick disk on the northeast (southwest)
side. These exceed previous estimates of the masses of
eDIG layers in other galaxies by more than an order of
magnitude (e.g., Dettmar 1990; Boettcher et al. 2017).
They are also comparable to the total HI mass (MHI =
9.1± 0.6× 109 M⊙; Irwin 1994) and more than the total
hot halo mass (Mhot = 5.3× 10
8 M⊙; Li et al. 2008).
This suggests that we have overestimated the eDIG
mass, implying the need for a very small volume filling
factor. Assuming pressure equilibrium between the warm
and hot phases does indeed imply an eDIG filling factor
of φ ∼ 0.1 (Li et al. 2008). Additionally, if the eDIG
density decreases exponentially as a function of R, then
a reasonable choice of radial scale length (hR ∼ 3 − 5
kpc) decreases the total mass estimate by ∼ 50%.
3.2. eDIG Properties
We use the emission-line ratios to gain a qualitative
sense of the physical conditions in the eDIG layer. The
emission-line properties have been previously studied in
detail by Tu¨llmann et al. (2000), Collins & Rand (2001),
Otte et al. (2002), and others; we confirm their findings
at the location of s3, and expand on their results at the
locations of s1 and s2. Note that internal extinction and
underlying stellar absorption may affect observed line ra-
tios at small z; however, we emphasize interpretation of
the line ratios at |z| ≥ 1 kpc, where we assume these
effects are minimal.
The [OII]λ3727/Hα, [NII]λ6583/Hα, and
[SII]λ6717/Hα line ratios depend on temperature,
ionization fraction, and elemental abundance as follows
(Haffner et al. 1999; Osterbrock & Ferland 2006):
I([OII]λ3727)
I(Hα)
= (4.31×105)T 0.44 e
−3.87/T4
(
O+
O
)(
O
H
)(
H+
H
)−1
,
(5)
I([NII]λ6583)
I(Hα)
= (1.62×105)T 0.44 e
−2.18/T4
(
N+
N
)(
N
H
)(
H+
H
)−1
,
(6)
and
I([SII]λ6717)
I(Hα)
= (7.67×105)T 0.3074 e
−2.14/T4
(
S+
S
)(
S
H
)(
H+
H
)−1
.
(7)
We assume H+/H ∼ 1 and N+/N ∼ 0.8 under typi-
cal DIG conditions (Reynolds et al. 1998; Sembach et al.
2000). We also assume O+/O = N+/N given their
similar first ionization potentials. Though the relatively
high second ionization potentials of N and O (29.6 and
35.1 eV, respectively) suggest that N++/N and O++/O
are low in the DIG, the lower second ionization poten-
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TABLE 2
Hα Intensity Profile
Model hz,e,1 φne,1(0)2 hz,e,2 φne,2(0)2
(kpc) (cm−6) (kpc) (cm−6)
Thick disk (SW) 1.4 ± 0.009 0.029 ± 0.0004 – –
Thick disk (NE) 0.8 ± 0.04 0.184 ± 0.003 – –
Thick disk + halo (SW) 0.8 ± 0.04 0.069 ± 0.004 3.6 ± 0.2 0.003 ± 0.0004
Thick disk + halo (NE) 0.6 ± 0.04 0.302 ± 0.007 7.5 ± 0.4 0.0006 ± 0.00004
TABLE 3
Past Measurements of Electron Scale Height and Density
hz,e φne(0)2 Location Referencea
(kpc) (cm−6)
1.6 - 1.8 0.0065 - 0.01 R = 0− 2 kpc (-z) [1]
1.8 0.0055 R = −(8− 10) kpc [1]
6.0 - Hα filament (NE side) [1]
5.0 - Hα filaments (SE, SW sides) [1]
4.6 - R = 4.5 kpc (+z) [2]
4.6 - R = 4.5 kpc (-z) [2]
5.0 - R = −2.8 kpc (+z) [2]
3.6 - R = −2.8 kpc (-z) [2]
1.6 - SW side [3]
1.2 - NE side [3]
a References: [1] - Collins et al. 2000; [2] - Collins & Rand 2001; [3] -
Heald et al. 2006
tial of S (23.3 eV) means that S++/S may be con-
siderable. Thus, we consider models with a range of
S+/S here. We adopt the solar photospheric abun-
dances of Asplund et al. (2009): N/H = 6.8 × 10−5,
S/H = 1.3 × 10−5, and O/H = 4.9 × 10−4. We assume
that the emission from different atomic species arises
co-spatially, and that the temperature, ionization, and
abundances do not vary significantly along a given line
of sight.
Given these assumptions, we compare the observed and
expected emission-line ratios for a range of T4 and S
+/S.
In the top panel of Fig. 3, we plot [NII]λ6583/Hα vs.
[SII]λ6717/Hα observed along the minor axis in s1. We
also show the median and median absolute deviation of
these line ratios observed in s2; these ratios do not show
a strong trend with slit position at this location. Both
line ratios clearly increase as a function of z, a trend
commonly observed in the eDIG of edge-on galaxies and
often interpreted as evidence of increasing T4 with z (e.g.,
Haffner et al. 1999). At |z| > 2 kpc, the line ratios sug-
gest a temperature of T4 = 0.8 − 1.0 and an ionization
fraction of S+/S ∼ 0.5− 0.75. There is also a trend to-
ward increasing S+/S with z as S++ becomes S+ in a
more dilute radiation field.
In the bottom panel of Fig. 3, we plot [NII]λ6583/Hα
vs. [OII]λ3727/Hα observed along the filament in s3.
Since the [OII] doublet is not resolved in these observa-
tions, the [OII] intensity is integrated over both lines.
As N+/N and O+/O are thought to be comparable
in the DIG, these line ratios depend only on temper-
ature for fixed abundances. We compare the observed
and predicted line ratios for a range of temperatures,
and we find that the observed ratios fall at lower val-
ues of [OII]λ3727/Hα than expected for a given value of
[NII]λ6583/Hα. This may be due to selective internal ex-
tinction reddening the [OII]λ3727/Hα line ratios within
the dusty, thick-disk ISM. Additionally, both line ratios
Fig. 3.— Top: [NII]λ6583/Hα vs. [SII]λ6717/Hα color-coded by
|z| along the minor axis (s1). The median and median absolute
deviation of the line ratios from s2 are shown by the star and
accompanying error bar. The solid lines indicate the expected line
ratios for a range of T4 at fixed S+/S. The dashed lines mark
locations of constant T4. The rising line ratios suggest an increase
in T4 with |z|. Bottom: [NII]λ6583/Hα vs. [OII]λ3727/Hα color-
coded by |z| along the filament studied in s3. The observed line
ratios generally fall below the predicted ratios at all T4, likely due
to selective internal extinction and/or abundance effects. As in the
top panel, these results suggest increasing T4 with |z| and an eDIG
temperature of 0.8 ≤ T4 ≤ 1.0.
may be affected by underlying stellar absorption that
reduces the measured Hα intensity. However, it is not
clear that the observed and expected line ratios converge
at large z where these effects are likely minimal. Thus,
it is possible that enhancement in the N abundance with
respect to O is also responsible.
From Fig. 3, we adopt an eDIG temperature of
T4 = 0.9 for the rest of this paper. As we will see in
§3.3.2, the turbulent velocity dispersion far exceeds the
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Fig. 4.— [SII]λ6717/[NII]λ6583 (top; s1), [OI]λ6300/Hα (middle;
s1), and [OIII]λ5007/Hα (bottom; s3) as functions of z. The ob-
served increase in [OI]/Hα and [OIII]/Hα suggests a supplemental
heating and/or ionization source such as shocks or turbulent mix-
ing layers (Collins & Rand 2001).
thermal velocity dispersion, and thus uncertainty in the
eDIG temperature on the order of 10− 20% is unimpor-
tant for our dynamical equilibrium study. Out of the
disk, the observed [SII]λ6717/[SII]λ6731 ∼ 1.5 in s1 and
[OII]λ3729/[OII]λ3726 ∼ 1.5 in s3uv demonstrate that
the eDIG is in the low-density limit as expected (e.g.,
Osterbrock & Ferland 2006).
The emission-line ratios of eDIG layers are also of in-
terest due to the challenge that they present to pho-
toionization models (e.g., Collins & Rand 2001). We
comment briefly on that here. In Fig. 4, we show
[SII]λ6717/[NII]λ6583 and [OI]λ6300/Hα as functions of
z along the minor axis (s1) and [OIII]λ5007/Hα as a
function of z in s3. (Note that detection of the [OI] line
in s3 is impeded by sky-line residuals. We also choose to
take the ratio of [OIII] to Hα instead of the more tra-
ditional Hβ because the latter is not detected at large z
and is contaminated by the underlying stellar absorption
line at low z.)
In a photoionization model, we expect
[SII]λ6717/[NII]λ6583 to increase with distance from
the ionizing source as S++ → S+. We do observe an
increase in [SII]/[NII] as a function of z. However,
the rise in [OIII]λ5007/Hα with z is associated with
a need for an additional source of heating and/or
ionization, such as shocks or turbulent mixing layers
(e.g., Collins & Rand 2001). The presence of shocks is
further suggested by the rising [OI]λ6300/Hα. Since
the neutral fractions of O and H are coupled via charge
exchange, the presence of [OI] emission suggests a
multiphase medium, as is found in shock-compressed
regions (e.g., Collins & Rand 2001). The need for an
additional source of heating and/or ionization that
behaves differently than photoionization will be relevant
as we consider the dynamical state of the eDIG layer in
Sections §4 and §5.
From Fig. 4, we can also verify the validity of our as-
sumption that N+/N is high by confirming that N++/N
must be low. Due to the similarly high second ionization
potentials of O and N , a low O++/O suggests a sim-
ilarly low N++/N . Our observed [OIII]λ5007/Hα line
ratios and the electron temperature deduced from Fig. 3
(T4 = 0.9) imply a median value of O
++/O = 0.1, con-
firming a low value of N++/N . (We thank R. Rand for
this suggestion.)
3.3. eDIG Kinematics
3.3.1. Radial Velocities
The heliocentric, line-of-sight Hα velocity, vHα, ob-
served in s2 is shown in Fig. 5. The Hα rotation curve at
z = −3.5 kpc is compared to a model of the HI rotation
curve at z = 0 kpc from Irwin (1994). West and east
of the minor axis, vHα is closer to the systemic velocity
than vHI by a median ∆v = 71 km s
−1and ∆v = 54
km s−1at |R| ≥ 3 kpc, respectively. The eDIG layer thus
shows the signature of a lagging gaseous halo that arises
as a consequence of the conservation of angular momen-
tum in a disk-halo flow. The larger asymmetric drift of
the warmer gas may also contribute to the velocity dis-
crepancy between the two phases.
If the line-of-sight velocity samples gas at the tangent
point and is thus a measure of the rotational velocity,
then this implies a rotational velocity gradient of ∆v =
−20.3 km s−1 kpc−1 and ∆v = −15.4 km s−1 kpc−1
for positive and negative R, respectively. However, this
is significantly steeper than the −1 km s−1 arcsec−1
(−7 km s−1 kpc−1) determined by Heald et al. (2006)
for this galaxy. These authors demonstrate that quan-
tification of the true rotational velocity gradient is depen-
dent on robust modeling of a three-dimensional, rotating
disk in which the density distribution and rotation curve
are allowed to vary with distance from the midplane.
Thus, we avoid over-interpreting the relatively steep ve-
locity gradients observed here, as they may be biased by
local filamentary structure and may not reflect the true
rotational velocity of the eDIG layer.
The top panel of Fig. 6 shows vHα as a function of z
observed on the minor axis in s1. There is a spread in vHα
at small z before it approaches vsys at larger z. At the
largest z, vHα is blueshifted with respect to vsys, moving
away from the systemic velocity at increasing distances
from the midplane. If the eDIG layer is cylindrically
rotating, then we would expect vHα ∼ vsys along the
minor axis. Although the spread in vHα at small z is
likely due to the deviation of the inclination angle from
i = 90◦, the blueshifted velocities observed at large z
merit further discussion in §5.
The bottom panel of Fig. 6 again shows vHα as a
function of z, here observed perpendicular to the disk at
R = 6.5 kpc in s3. As previously found at this location
by Rand (2000), vHα climbs steadily from the rotational
velocity in the disk, vdisk ∼ 1550 km s
−1, to the systemic
velocity, vsys = 1681 km s
−1, as z increases (vsys is de-
rived using the optical convention from the HI redshift
of de Vaucouleurs et al. 1991). vHα reaches vsys around
z = 5 kpc, displaying small variations around the sys-
temic velocity at larger z. A similar trend is seen on the
southwest side of the galaxy, although vHα approaches
vsys at a slower rate and does not reach vsys over the
spatial extent of our emission-line detections. Within
|z| ≤ 5 kpc, the velocity gradients are approximately
∆v ∼ −25 km s−1 kpc−1 and ∆v ∼ −6 km s−1 kpc−1
on the northeast and southwest sides, respectively. While
this is consistent with the presence of a rotational veloc-
ity gradient, we again caution against quantifying this
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Fig. 5.— Line-of-sight, heliocentric Hα velocities as a function
of R observed in s2 (z = −3.5 kpc; blue) compared to a model HI
rotation curve from Irwin (1994) (z = 0 kpc; yellow). The blue,
green, and black contours illustrate the position-velocity diagram
at 25%, 50%, and 75% of the maximum Hα intensity, respectively.
The tendency of the eDIG layer towards systemic velocity is char-
acteristic of lagging gaseous halos; we find median velocity offsets
of ∆v = −20.3 km s−1 kpc−1 and ∆v = −15.4 km s−1 kpc−1
west and east of the minor axis, respectively.
gradient without additional modeling.
It is interesting to ask whether there is any evidence
of perturbations to the line-of-sight velocities due to the
interaction with NGC 5774. The most likely place to
find such evidence would be in s2 where the slit extends
across the HI bridge between the galaxies. However, we
only detect emission to R = 13.5 kpc on this side of
the galaxy, suggesting that any ionized gas in the bridge
has too low surface brightness to be detected here. The
blueshifted velocities at large z on the minor axis are
the subject of further discussion in §5, including their
possible relationship to an interaction.
3.3.2. Turbulent Velocity Dispersion
The Hα emission-line widths, σHα, are shown as a
function of z along the minor axis in Fig. 7. These
line widths refer to the standard deviation of the Gaus-
sian velocity distribution. In the disk, where we ex-
pect σHα to be characteristic of HII regions (σHII ∼ 20
km/s), the line width is limited by the spectral reso-
lution (σres ∼ 26 km s
−1). However, σHα smoothly in-
creases with z, reaching values as high as ∼ 70 km s−1by
|z| = 5 kpc. The median and median absolute deviation
observed in s2 (z = −3.5 kpc) is σHα = 58± 11 km s
−1;
there is no obvious trend in σHα with R.
This is the first clear evidence of an increase in
emission-line widths as a function of height above the
disk in an eDIG layer. The line widths appear to rise
within |z| ≤ 4 kpc and then plateau at some charac-
teristic value. As discussed in §3.1, the impact of dust
extinction on the observed velocity dispersion is likely to
be small, as the increase in σHα with z is observed at
several dust scale heights above the disk. Several factors
contribute to the line width, including thermal, turbu-
lent, and noncircular motions (note that we have already
corrected for the spectral resolution, and rotational mo-
tions are minimized on the minor axis). The thermal line
width of a gas with T4 ∼ 0.9 is small compared to the
Fig. 6.— Line-of-sight, heliocentric Hα velocities as a function
of z observed on the minor axis (top; s1) and at R = 6.5 kpc (bot-
tom; s3). At top, the green bars indicate the emission-line widths,
σHα (see §3.3.2). At bottom, the observed velocity gradients of
∆v ∼ −25 km s−1 kpc−1 (northeast) and ∆v ∼ −6 km s−1 kpc−1
(southwest) are consistent with a previously-observed lagging halo
(e.g., Rand 2000; Heald et al. 2006), though we do not attempt to
quantify the rotational velocity gradient here.
observed line widths (σth ∼ 10 km s
−1); in the absence
of information about contributions from noncircular mo-
tions, we take the observed line widths as an upper limit
on the turbulent velocity dispersion in the eDIG layer.
Here, “turbulence” refers to any random gas motions, in-
cluding the cloud-cloud velocity dispersion. We discuss
possible origins for the z-dependence of σHα in §5.
4. A DYNAMICAL EQUILIBRIUM MODEL
We now ask whether the eDIG layer in NGC 5775 is
well-represented by a dynamical equilibrium model - that
is, whether the thermal, turbulent, magnetic field, and
cosmic-ray pressure gradients are sufficient to satisfy the
equation of hydrostatic equilibrium. (We favor the term
“dynamical equilibrium” over “hydrostatic equilibrium”
due to the inclusion of turbulent motions in the relevant
sources of pressure support.) We follow the approach
described in Boettcher et al. (2016), which we summarize
here.
We solve the hydrostatic equilibrium equation for an
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Fig. 7.— Hα line widths, σHα, as a function of z on the minor
axis (s1), where contributions from rotational velocity are mini-
mized. σHα is corrected for the spectral resolution, indicated by
the dashed black line. The median and median absolute deviation
from s2 are shown by the star and accompanying error bar. σHα
displays an increase with z within several kiloparsecs of the disk,
the first clear detection of such a trend in an eDIG layer. The
dotted green line shows the functional form of σ(z) used in §4.
eDIG layer in pressure balance given by:
dP (z,R)
dz
= −
dΦ(z,R)
dz
ρ(z,R). (8)
Here, P (z,R) and ρ(z,R) are the gas pressure and den-
sity, respectively, and dΦ(z,R)dz = gz(z,R) is the gravita-
tional acceleration derived from the galactic gravitational
potential, Φ(z,R). We discuss the mass model used to
determine the galactic gravitational potential in the Ap-
pendix.
We consider contributions from gas pressure, Pg, mag-
netic field pressure, PB , and cosmic-ray pressure, Pcr
(note that we do not consider magnetic tension):
P (z,R) = Pg + PB + Pcr. (9)
The gas pressure is dependent on the velocity dispersion,
σ, that in turn depends on both thermal (σth) and tur-
bulent (σturb) motions:
Pg(z,R) = σ(z)
2ρ(z,R), σ(z)2 = σ2th + σ
2
turb. (10)
Our goal is to determine whether we can satisfy Eq. (8)
given the observed gas density distribution, ρ(z), and the
observed pressure gradients, dPdz =
dPg
dz +
dPB
dz +
dPcr
dz . In
§4.1 - §4.4 below, we derive expressions for the relevant
pressure gradients, expressed for a single component of
the density distribution. As the pressure gradients are
derived from observations integrated across the disk, we
assume that only the gravitational acceleration has ra-
dial dependence. Thus, we take these gradients as rep-
resentative of the average vertical pressure support in
the eDIG layer. The lack of significant variation in the
observed emission-line widths as a function of projected
galactocentric radius in s2 supports this approach; note,
however, that the line widths can be broadened by inte-
gration through a rotating medium away from the minor
axis.
4.1. Thermal Pressure Gradient
From Eq. (10), the thermal gas pressure is given by
Pth(z) = σ
2
thρ(z), where the thermal velocity dispersion
can be expressed as σth =
√
kT
αmp
. Here, k is the Boltz-
mann constant, mp is the proton mass, and α is a scaling
factor. We take α = 0.62 assuming that the gas is 9% He
by number, with 100% and 70% of the H and He ionized,
respectively (Rand 1997, 1998). For a gas with T4 = 0.9
(§3.2), we find σth = 11 km s
−1. Assuming that σth
does not change substantially with z, then the thermal
pressure gradient is given by:
dPth
dz
= −
σ2th
hz
ρ(z). (11)
4.2. Turbulent Pressure Gradient
Like the thermal gas pressure, the turbulent gas pres-
sure is given by Pturb(z) = σturb(z)
2ρ(z), except here we
allow the velocity dispersion to vary with z. By eye, we
fit the following functional form to σturb(z), assuming
isotropic turbulence (see the green dotted line in Fig. 7):
σturb(z) =
{
σ0 +mσz, if 0 kpc ≤ |z| ≤ 4 kpc
σ1, if |z| > 4 kpc.
(12)
Here, we use σ0 = 20 km s
−1, mσ = 10 km s
−1kpc−1,
and σ1 = 60 km s
−1.
Note again that the observed σ(z) is an upper limit to
the true σturb(z) due to possible contributions from non-
circular motions. We have also not corrected the observa-
tions for the (small) contribution from thermal motions.
This yields the following turbulent pressure gradient:
dPturb
dz
=
{
2mσσturb(z)ρ(z)−
σturb(z)
2
hz
ρ(z), if 0 kpc ≤ |z| ≤ 4 kpc
−
σ2
1
hz
ρ(z), if |z| > 4 kpc.
(13)
4.3. Magnetic Pressure Gradient
To estimate the magnetic field and cosmic-ray pres-
sure gradients, we turn to the radio continuum observa-
tions discussed in §1. Krause et al. (2018) characterize
the magnetic field strengths in the disks and the syn-
chrotron scale heights of galaxies in the CHANG-ES sam-
ple, including thin disk and halo components. For NGC
5775, they find a disk field strength of B0 = 14.8 µG and
halo synchrotron scale heights of hz,syn = 1.46 ± 0.13
kpc (C-band D-array; centered at 6 GHz) and hz,syn =
1.98 ± 0.35 kpc (L-band C-array; centered at 1.5 GHz).
We discuss the thin synchrotron disk in §5.
To estimate the magnetic pressure gradient in the halo
of NGC 5775, we assume energy equipartition between
the magnetic field and cosmic-ray energy densities (see
§5 for a discussion of the merits of this assumption). Un-
der this assumption, the synchrotron scale height is re-
lated to the magnetic field scale height via the nonther-
mal spectral index: hz,B ∼ hz,syn(3 + α) (Beck 2015).
Note that hz,B may be even larger due to energy losses
of cosmic-ray electrons lowering the synchrotron scale
height.
For α = 1.09 (Krause et al. 2018), hz,B = 6 kpc and
hz,B = 8.1 kpc determined from the 6 GHz and 1.5 GHz
observations, respectively. We adopt the latter value
here, as lower frequency emission arises from lower en-
ergy cosmic rays that undergo fewer losses than their
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higher energy counterparts. The vertical distribution of
lower energy cosmic-ray electrons therefore better ap-
proximates the distribution of (lossless) cosmic-ray pro-
tons; the cosmic-ray pressure, of interest in §4.4, arises
from this latter component.
We assume a simple, plane-parallel geometry for the
halo component of the magnetic field, where:
B(z) = B0e
−|z|/hz,B . (14)
Therefore, given PB =
B(z)2
8pi , the magnetic pressure gra-
dient can be written as:
dPB(z)
dz
= −
2
hB
PB. (15)
The observed “X-shaped” morphology of the halo mag-
netic field suggests that it becomes increasingly vertical
at large z (Soida et al. 2011). However, the likely pres-
ence of a significant turbulent component to the field
mitigates the effect of the field geometry on the mag-
netic pressure gradient.
4.4. Cosmic-ray Pressure Gradient
To determine the cosmic-ray pressure gradient, we
again assume equipartition between the magnetic field
and cosmic-ray energy densities. Since the majority of
the cosmic-ray energy density is believed to be due to
only mildly relativistic protons (Ferrie`re 2001), we take
Pcr = 0.45Ucr = 0.45UB and find:
dPcr(z)
dz
= 0.45
dPB(z)
dz
. (16)
4.5. Testing Dynamical Equilibrium
We first test the dynamical equilibrium model for an
initial choice of parameters: a volume filling factor of φ =
1 (no gas clumping) and the magnetic field properties
discussed in §4.3. We restrict our analysis to |z| ≥ 1 kpc,
as the nature of the gas density profile within |z| < 1 kpc
is not well characterized due to obscuration by dust and
HII regions and the slight inclination of the disk from
edge-on. We thus assume that some boundary condition
governs the meeting of the eDIG layer with the thin-
disk ISM at small z. We analyze each side of the galaxy
individually, assessing the dynamical state of the thick
disk and halo both together and separately.
We calculate the thermal, turbulent, magnetic field,
and cosmic-ray pressure gradients and compare the total
observed gradient with the required gradient (in other
words, with the right-hand side of Eq. 8). We con-
sider the model satisfied if the observed pressure support
equals or exceeds the required support at |z| ≥ 1 kpc.
We do so at every galactocentric radius between the cen-
ter and the edge of the eDIG layer (0 kpc ≤ R ≤ 14 kpc,
in steps of ∆R = 1 kpc), and we determine the mini-
mum radius at which the dynamical equilibrium model
is satisfied, Req.
In Fig. 8, we present the observed and required pres-
sure gradients at Req for each side of the galaxy and
each eDIG component considered. The halo components
are most easily supported in dynamical equilibrium, with
Req = 8 kpc (Req = 9 kpc) on the northeast (southwest)
sides of the galaxy. Both thick disk components have a
similar result (Req = 9 kpc). Combining the components
renders the model more difficult to satisfy, pushing Req
to Req = 10 kpc on the northeast side and to Req = 11
kpc on the southwest side.
It is clear that there is insufficient vertical pressure
support to satisfy dynamical equilibrium except in the
shallowest parts of the galactic gravitational potential.
In other words, Req is a significant fraction of the radial
extent of the eDIG layer for all components considered.
The success of such a model thus requires placing the gas
in a ring geometry at moderate to large R, perhaps over
star-forming spiral arms. It is the magnetic pressure gra-
dient, followed by the cosmic-ray pressure gradient, that
provides the most substantial source of vertical support.
Note that there is a discontinuity in dPturbdz at |z| = 4
kpc, where the turbulent velocity dispersion transitions
from a rising to a flat regime. This discontinuity is most
prominent in the halo component. At |z| ≤ 4 kpc, dPturbdz
is positive; this is because σ(z)2 rises more quickly than
ρ(z) falls due to the large scale height of the halo. At
|z| > 4 kpc, dPturbdz becomes negative as σ(z)
2 becomes
constant and ρ(z) continues to fall. The total pressure
gradient remains negative at all z due to contributions
from the magnetic field and cosmic rays.
From Eq. (8), a discontinuity in dPdz implies a jump in
ρ(z) (in this case, an increase in ρ(z) at |z| = 4 kpc).
This is an unstable configuration. Thus, we interpret
the total observed pressure gradients in Fig. 8 not as the
true pressure gradients that we seek to reproduce with a
density model, but instead as an indication of the maxi-
mum available pressure support in the eDIG layer. This
allows us to assess the viability of the dynamical equilib-
rium model without claiming a precise characterization
of the true pressure profile. We also note that the tur-
bulent motions in the halo component may differ from
those in the thick disk; since the latter dominate the line
profiles, we do not wish to overinterpret dPturbdz in the
halo.
We now explore how variations in φ, B0, and hz,B af-
fect the success of the dynamical equilibrium model. We
vary φ from 0.01 (highly clumpy) to 1 (no clumping)
and B0 and hz,B both by 50% (7.4 µG ≤ B0 ≤ 22.2 µG,
4.05 kpc ≤ hz,B ≤ 12.15 kpc). Within this parameter
space, we conduct the analysis described above for the
thick disk and halo combined and determine the value of
Req.
We show results in this parameter space in Fig. 9 for
the northeast (top) and southwest (bottom) sides of the
galaxy. In the top two panels for each side, we display
Req in the φ, B0 (hz,B = 8.1 kpc) and φ, hz,B (B0 =
14.8 µG) planes. Everywhere in these planes, Req ≥ 7
kpc; this confirms the need for a ring geometry for the
dynamical equilibrium model to succeed.
In general, for the gas to be supported at a given
galactocentric radius, a higher magnetic field strength
(a steeper dPBdz ) is required for a smaller φ (a steeper
dρ
dz ). Likewise, a smaller hz,B (a steeper
dPB
dz ) is needed
to support the gas given a smaller φ. As the eDIG scale
height begins to exceed the magnetic scale height, it is
more difficult to support the eDIG at |z| > hz,B, and
larger values of φ are again required.
We briefly consider the impact of a radially-dependent
eDIG density distribution on the success of the dynami-
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Fig. 8.— Comparison of observed (black) and required (pink) pressure gradients to satisfy a dynamical equilibrium model for the northeast
(left) and southwest (right) sides of the eDIG layer, shown at the minimum galactocentric radii at which the dynamical equilibrium model
is satisfied. At all smaller galactocentric radii, the required pressure gradient exceeds the observed gradient, and the model fails. Models
with thick disk and halo (top), thick disk (middle), and halo (bottom) components are considered. The magnetic field is the dominant
source of vertical pressure support.
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cal equilibrium model. For radial dependence of the form
ne(R) ∝ e
−R/hR , a reasonable choice of hR (i.e., a few
kpc, comparable to the stellar scale length) has only a
small effect on the model’s success. For example, a choice
of hR = 4 kpc mildly reduces Req to 8 kpc from 10 and
11 kpc for the combined thick disk and halo models on
the northeast and southwest sides of the disk, respec-
tively. This minor reduction in Req is expected if the gas
surface density decreases with R, rendering the model
easier to satisfy at large galactocentric radii. In the ab-
sence of a comparable radial dependence in the magnetic
field strength, such a radial fall-off in the density distri-
bution produces a magnetic pressure comparable to the
gas pressure (thermal and turbulent) at small R, but in
excess of the gas pressure by an order of magnitude at
R = 10 kpc. In a model lacking radial dependence, the
magnetic pressure exceeds the gas pressure by a factor of
∼ 2, more consistent with approximate energy equipar-
tition.
4.6. Stability Analysis
The magnetic buoyancy instability first described by
Parker (1966) presents another challenge to the success
of our dynamical equilibrium model. Although Parker
considered cosmic rays as a fluid with an adiabatic index
γcr = 0, we allow for cosmic ray coupling to the gas either
via extrinsic turbulence or via the streaming instability
for high and low energy cosmic rays, respectively (γcr =
1.45 given Pcr = 0.45Ucr; Zweibel 2013). This allows the
cosmic rays to act toward stabilizing the gas as well as
elevating it above its natural scale height.
These considerations yield the following stability cri-
terion (Newcomb 1961; Parker 1966; Zweibel & Kulsrud
1975):
−
dρ
dz
>
ρ2gz
γgPg + γcrPcr
. (17)
To determine whether the eDIG layer is robust against
the instability, we calculate the minimum value of γg re-
quired to satisfy this criterion for both γcr = 0 (no cosmic
ray coupling) and γcr = 1.45 (cosmic ray coupling). An
adiabatic index of γg = 5/3 − 2 may be characteristic
of the star-forming, turbulent ISM (Zweibel & Kulsrud
1975); however, values as low as γg = 1 may be found in
the eDIG (Parker 1966). Therefore, we define a stable
model as that for which the minimum value of γg that
satisfies the stability criterion is γg ≤ 1.
Heintz & Zweibel (2018) have recently demonstrated
the potential importance of cosmic-ray streaming to the
stability of the magnetized ISM. They illustrate that in-
clusion of cosmic-ray streaming can be destabilizing due
to cosmic-ray heating. This effect is mitigated in the
isothermal case (γg = 1). Future work will explore the
implementation of cooling and the characteristic wave-
length of the instability in the nonlinear regime, poten-
tially shedding light on the impact, if any, of cosmic-
ray heating on the electron temperature and/or ioniza-
tion structure of the eDIG. However, it is important to
note that even if a model satisfies the stability criterion
above, the model may be unstable if heating via cosmic-
ray streaming is important.
We perform the stability analysis between 1 kpc ≤
|z| ≤ 10 kpc. It is important to note that our treatment
of the instability is based on a one-dimensional model
and may fail at large z. In Fig. 10, we present the
minimum values of γg required to satisfy the stability
criterion for the thick disk and the halo, separately and
combined. Models with γcr = 0 are not stable at all z
for the relevant R; thus, it is clear that the cosmic rays
must be coupled to the gas to achieve a stable model.
Allowing γcr = 1.45, the thick disk is stable at all radii
at which the dynamical equilibrium model succeeds. In
contrast, the halo on the northeast (southwest) side of
the disk is not stable at all z until R > 14 kpc (R ≥ 10
kpc). The instability of the halo is exacerbated by the
large scale height on the northeast side. A gas cloud
perturbed upwards will be buoyant if the rate at which
its internal density decreases is faster than the rate at
which the background density decreases. This is more
likely to occur in a medium in which the gas density
profile changes only slowly, rendering the halo less stable
than the thick disk. While the coupled cosmic rays can
“stiffen” the equation of state of the medium and thus
decrease the minimum galactocentric radius at which a
stable model can be achieved, this effect is insufficient
to produce stable models outside of a thin ring, or at
all, on the southwest and northeast sides of the disk,
respectively.
We now consider the effect of stability on the parame-
ter space study discussed in the previous section. We ask
where in parameter space a stable, successful dynamical
equilibrium model is found, and show the results in Fig.
9. For the northeast side of the disk, Req increases to
Req ≥ 14 kpc as compared to Req ≥ 7 kpc in the slices of
parameter space previously considered; this is due to the
instability of the halo at large z seen in Fig. 10. On the
southwest side of the disk, for which the halo scale height
is a factor of ∼ 2 smaller than on the northeast side, the
areas of parameter space over which the dynamical equi-
librium model succeeds and over which it succeeds and
is stable are much more comparable. The instability of
the dynamical equilibrium model at almost all galacto-
centric radii on the northeast side effectively rules out
this model for this side of the galaxy.
5. DISCUSSION
Comparing the results of Boettcher et al. (2016) to
those presented here, a dynamical equilibrium model fails
in a similar way for the eDIG layers in the Milky-Way
analog NGC 891 and the interacting, star-forming galaxy
NGC 5775. In both systems, stably supporting the eDIG
layer in dynamical equilibrium is only feasible at mod-
erate to large galactocentric radii, requiring a contrived
ring geometry that is inconsistent with observations of
face-on disk galaxies (e.g., Boettcher et al. 2017). Such
a model relies predominantly on the magnetic field and
cosmic ray pressure gradients to support the eDIG layers
at their observed scale heights.
Although the great vertical extent of the eDIG layer in
NGC 5775 may follow from its enhanced star-formation
rate per unit area, factor(s) other than the star-formation
rate surface density set the vertical extents of the syn-
chrotron halos in the CHANG-ES sample analyzed by
Krause et al. (2018). In this sample, the synchrotron
scale heights are positively correlated with the syn-
chrotron diameters of the galaxies. Although more work
is needed to interpret this trend in the context of eDIG
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Fig. 9.— Exploration of the success of a dynamical equilibrium model for the eDIG layer over a range of φ, B0, and hz,B. Both the thick
disk and halo components of the eDIG layer are included in the model for the northeast (top) and southwest (bottom) sides of the galaxy.
We plot the minimum galactocentric radius at which the dynamical equilibrium model succeeds, Req , in the top panels of both figures
(labeled “Supported”). We also require the stability criterion given in Eq. 17 to be satisfied in the bottom panels (labeled “Supported and
Stable”). The large values of Req required for a stable, successful dynamical equilibrium model on the northeast side effectively eliminates
this model at this location. The dashed lines indicate the preferred values of B0 and hz,B. In the lefthand (righthand) column, hz,B = 8.1
kpc (B0 = 14.8 µG).
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layers, it appears that the processes that govern the spa-
tial extents and pressure profiles of the thermal and non-
thermal halos do not conspire together to achieve an equi-
librium configuration at the disk-halo interface.
We note that there are several caveats to the dynamical
equilibrium model presented here. First, we assume that
the measured horizontal velocity dispersion is equal to
the vertical velocity dispersion. If the vertical dispersion
exceeds the horizontal dispersion, as suggested by obser-
vations of M83 (Boettcher et al. 2017), then we would
underestimate the turbulent pressure support here. Ad-
ditionally, we do not consider the potential roles of mag-
netic tension (Boulares & Cox 1990), radiation pressure
(e.g., Franco et al. 1991), and the hot halo gas in sup-
porting the eDIG layer at its observed scale height.
The role of the hot halo is of particular interest due
to the detection of diffuse, spatially-extended, X-ray-
emitting gas in the halo of NGC 5775 (Li et al. 2008;
Li & Wang 2013). If the warm and hot phases are suf-
ficiently coupled, then the vertical pressure gradient in
the hot halo may merit inclusion in the pressure gradients
considered here. This is especially true given the likeli-
hood of a large volume filling factor for the hot phase
(φhot ∼ 1). Thus, we make a simple estimate of the
vertical pressure support provided by the hot halo.
Li et al. (2008) find two temperature components in
the hot, diffuse phase, with electron densities of a few
×10−3 cm−3 and temperatures of a few ×106 K. This
corresponds to a thermal velocity dispersion of σ ≥ 200
km s−1and thus a thermal scale height of hz ∼ 10 kpc at
a galactocentric radius of R ∼ 5 kpc in the galactic grav-
itational potential given in the Appendix. Assuming a
hot halo in hydrostatic equilibrium, the vertical thermal
pressure gradient in the hot phase is comparable to that
in the warm phase. As we saw in Fig. 8, the thermal
pressure gradients are small compared to the nonther-
mal pressure gradients, and thus the hot phase does not
appear to substantially improve the performance of the
dynamical equilibrium model.
If the hot phase has a scale height considerably less
than its thermal scale height, then it may be able to
contribute more substantially to the pressure support.
This could occur if the hot phase is confined by a mag-
netic field that is anchored to the disk via the warm
medium. The relatively small scale height observed by
Li et al. (2008) for the hot phase (hz ∼ 1.5 kpc) sug-
gests that such a scenario may be appropriate. How-
ever, in this case, a warm and hot phase with compa-
rable scale heights in pressure equilibrium can at most
double the contribution to the thermal pressure gradi-
ent compared to the warm medium alone. As we have
seen, this remains insufficient to support the layer, and
thus we conclude that the hot phase is not the source of
the missing pressure support in a dynamical equilibrium
context. Note that in addition to a diffuse background,
a superbubble is detected in X-ray emission to distances
of |z| ∼ 10 kpc on the southern side of the galaxy. An
expanding or outflowing hot halo may impart momen-
tum to the eDIG and thus enhance its scale height, but
we consider this as a separate class of models than the
hydrostatic case tested here.
Additional assumptions may have affected the success
of the dynamical equilibrium model. We employ a sim-
ple, plane-parallel magnetic field geometry despite evi-
dence that the field becomes X-shaped at large distances
from the midplane (Soida et al. 2011). An increasingly
vertical component of the magnetic field with height
above the disk introduces the possibility that magnetic
tension plays a role in supporting the gas, an effect that
appears important in the Galaxy (Boulares & Cox 1990).
The presence of a thin synchrotron disk also suggests
a magnetic field component with a scale height signif-
icantly smaller than the eDIG scale height(s), a poten-
tially unstable configuration in which the gas layer would
“float” atop the magnetic field.
We determine the magnetic field and cosmic-ray pres-
sure gradients via the energy equipartition assump-
tion despite increasing indications for departures from
equipartition in a range of environments (e.g., Schmidt
2016; Yoast-Hull et al. 2016). We also must make simpli-
fying assumptions about the cylindrical geometry and ra-
dial extent of the eDIG layer that affect our estimates of
the electron density profile. While adjustments to any of
these assumptions could affect the success of the dynam-
ical equilibrium model, its failure in two galaxies with
disparate properties builds confidence that this model is
a poor description of the dynamical state of eDIG layers.
Given the failure of the dynamical equilibrium model,
we can ask what evidence exists for nonequilibrium
models of the gaseous, disk-halo interface. The eDIG
emission-line ratios suggest that the gas is chemically
enriched. This implies that the eDIG is either directly
transported out of the disk or originates in a disk-halo
circulation that triggers thermal instabilities in the lower
halo. Chemically-enriched, warm gas may arise through
cooling in the wakes of cool clouds traveling through the
hot halo if either the halo itself is enriched or the clouds
sufficiently enrich their wakes (see, e.g., Marasco et al.
2012). Careful study of chemical abundances inferred
from emission-line ratios may shed light on the extent to
which such “induced” accretion contributes to the eDIG
layer in NGC 5775. Regardless, the evidence suggests
that the low-angular-momentum gas originates in a disk-
halo flow rather than through direct accretion from a
metal-poor, intergalactic reservoir.
We discuss the two most commonly considered disk-
halo flows - galactic fountains and galactic winds - here.
We favor the former scenario for several reasons. First,
we do not see evidence for a traditional outflow cone in
the eDIG kinematics. If such a cone exists, it must have
an unusually small opening angle that directs the outflow
away from our line of sight. Although the symmetric,
blueshifted gas at large z along the minor axis hints at
an outflow, it lacks the redshifted component that we
expect to arise from an outflow cone and has a line-of-
sight velocity well below the escape velocity. If an outflow
is present in the hot phase of the halo, as suggested by
the X-shaped field geometry (Soida et al. 2011), then a
small volume filling factor would likely be required for
the eDIG layer to avoid entrainment of the warm gas.
Thus, we favor a galactic fountain flow in which eDIG
clouds circulate between the disk and the halo. The
blueshifted gas at large z along the minor axis may be
evidence of such a circulation. We may only observe the
outflow stage of the fountain flow if the gas is primarily
in a warm, ionized phase during this stage. However,
this is somewhat at odds with the conventional picture
in which gas clouds leave the disk in a hot ionized phase
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Fig. 10.— Minimum value of γg required to satisfy the Parker stability criterion for the eDIG layer at a range of galactocentric radii.
Solid and dashed lines are derived assuming γcr = 0 and γcr = 1.45. Models within the shaded region satisfy the conservative criterion
that the minimum γg required for stability be γg ≤ 1. This requirement is only satisfied at all z for γcr = 1.45, and even then only at large
galactocentric radii (generally R ≥ 6 kpc). The Parker instability thus further restricts the success of the dynamical equilibrium model to
moderate and large galactocentric radii.
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and return to the midplane in a warm ionized or neutral
state. An alternative explanation is that the kinematics
observed along the minor axis are dominated by a local
feature such as a filament that is primarily outflowing
from the disk. However, no such filament is obvious in
the Hα imaging of Collins et al. (2000).
We also consider whether the interaction with NGC
5774 has influenced the kinematics of extraplanar gas in
NGC 5775. There is no obvious evidence of interaction in
any of the slit locations; most notably, s2 produces a ro-
tation curve characteristic of noninteracting galaxies de-
spite sampling the side of the galaxy where the HI bridge
connects the companion galaxies. However, the question
of whether the blueshifted gas along the minor axis could
arise from ram pressure is intriguing. If the interaction
has deposited comparatively dense gas in the path of
NGC 5775, then passage through this gas could sweep
the halo of NGC 5775 toward the observer as the galaxy
recedes. Although the HI kinematics of the NGC 5775
- NGC 5774 system are potentially consistent with this
scenario (Irwin 1994), more detailed modeling is needed
to assess the effects of ram pressure on the gaseous halo.
We also note that such effects are not necessary to inter-
pret the kinematics observed off of the minor axis in this
work and others (e.g., Rand 2000).
It is clear that the current observations do not pro-
vide a fully definitive description of the dynamical state
of the eDIG layer in NGC 5775. However, they suggest
a most likely scenario. The interaction of NGC 5775
with NGC 5774, while not directly shaping the kinemat-
ics of extraplanar gas in the inner disk, has enhanced the
star-formation rate in the former galaxy and thus helped
give rise to the vertically-extended, multiphase gaseous
halo. The warm, ionized phase has a multicomponent
vertical density distribution that is most likely sustained
via a galactic fountain flow between the disk and the
halo. The observed increase in the velocity dispersion
as a function of height is a natural consequence of this
model if the gas clouds are ejected from the disk with
a range of velocities; in this model, the clouds with the
highest dispersion will naturally reach the largest scale
heights. The evidence for shock heating and ionization in
the emission-line ratios is consistent with this turbulent,
multiphase medium. We discuss future observations to
explore this interpretation in the conclusions below.
6. SUMMARY AND CONCLUSIONS
We combined optical and NUV emission-line spec-
troscopy from RSS on SALT with radio continuum obser-
vations from CHANG-ES to study the dynamical state
of the eDIG layer in NGC 5775. We summarize the main
results of our study here:
• The exponential electron density distribution has
both thick disk and halo components and is asym-
metric on the northeast and southwest sides of the
galaxy. The scale heights of these components
are hz,e = 0.6 and 7.5 kpc on the northeast and
hz,e = 0.8 and 3.6 kpc on the southwest sides,
showing the remarkable spatial extent of the warm
ionized halo.
• We observe evidence of a previously-detected ro-
tational velocity gradient characteristic of lag-
ging halos (e.g., Heald et al. 2006). We report
line-of-sight velocity gradients as high as ∆v =
−25 km s−1 kpc−1 in some locations, although
quantification of the true rotational velocity gra-
dient is beyond the scope of this work.
• The Hα velocity dispersion displays a significant
increase from σHα = 20 km s
−1at z = 0 kpc to
σHα = 60 km s
−1at |z| = 4 kpc, where the dis-
persion appears to plateau. This is the first clear
evidence for a rising velocity dispersion as a func-
tion of height in an eDIG layer.
• The thermal, turbulent, magnetic field, and
cosmic-ray pressure gradients are insufficient to
support the gas in dynamical equilibrium at its ob-
served scale height except at large galactocentric
radii (R ≥ 11 kpc for the sum of all density com-
ponents). Success of this model thus requires a ring
geometry inconsistent with observations of face-on
galaxies.
• In the context of the dynamical equilibrium model,
we assess the stability of the eDIG layer against
the well-known Parker instability. While the thick-
disk component is largely stable if the cosmic rays
are coupled to the gas (γcr = 1.45), the halo com-
ponent on the northeast side is not stable at all
z over the range of galactocentric radii considered
(R ≤ 14 kpc).
• The emission-line ratios display smooth trends
from the disk to the halo consistent with increased
heating of uniform-metallicity gas at large z. This
suggests a disk origin for the gas; if the eDIG is ev-
idence of accretion activity, it must arise from an
enriched halo.
• There is no obvious evidence of interaction between
NGC 5775 and NGC 5774 in the kinematics of the
extraplanar gas. It appears that the main influence
of the interaction on the thick-disk ISM of NGC
5775 is to trigger the star formation that gives rise
to the multiphase, gaseous halo.
• At large z along the minor axis, the gas is
blueshifted on both sides of the midplane by a few
tens of km s−1. We discuss possible explanations
for this observation, including outflowing gas in a
multiphase fountain flow and ram pressure effects
from the interaction with NGC 5774.
• This and previous works indicate the need for a
supplemental source of heating and/or ionization
that behaves differently from photoionization in the
eDIG layer of NGC 5775. The extended, co-spatial
thermal and nonthermal halos in this galaxy, as
well as evidence that cosmic-ray heating may be
important (Wiener et al. 2013), motivate further
study of the role of cosmic rays in the energy bal-
ance and ionization state of the eDIG.
As discussed in §5, past and current observations of the
eDIG layer in NGC 5775 are most consistent with a non-
hydrostatic, galactic fountain flow. Turbulent, multi-
phase gas clouds ejected from the disk reach scale heights
characteristic of their ejection energies, possibly passing
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through phase transitions that obscure some stages of
this process in the optical. Shock heating and/or ion-
ization evidenced by trends in emission-line ratios are
consistent with the interaction of ejected clouds with the
ambient medium. In this picture, the gas in the eDIG
layer both originates in and returns to the disk and thus
is not indicative of a substantial transfer of baryons or
metals between the disk and the environment. Enriching
and cooling of hot halo gas as cool clouds travel through
the lower halo may, however, contribute to the presence
of warm, ionized gas at the disk-halo interface.
To further test this interpretation, we suggest future
observations to shed light on several open questions
about the eDIG layer in this and similar systems. In
NGC 5775, the remarkable vertical extent of the gaseous
halo in emission is intriguing. It is not yet clear that
we have detected the full vertical extent in emission, nor
have we definitely determined the number of exponen-
tial electron density components. Deep, ground-based,
narrow-band imaging that prioritizes both the field of
view and quality sky subtraction would help to achieve
these goals, furthering our understanding of the fraction
of halo gas mass found in the warm, ionized phase.
Additionally, interpretation of intriguing kinematic re-
sults such as the blueshifted gas at high z along the mi-
nor axis is challenging with the limited spatial coverage
of longslit spectroscopy. Integral field unit and/or Fabry-
Perot spectroscopy would enable analysis of gas kinemat-
ics over greatly improved fields of view, an effort begun
for this galaxy by Heald et al. (2006). We propose ad-
ditional observations with improved sensitivity in order
to probe the kinematics at |z| ≥ 4 kpc in a spatially-
resolved fashion. Such observations would enable dis-
crimination between outflow and ram pressure origins
for the minor axis kinematics as discussed in §5. In the
modeling regime, improved models of cosmic-ray trans-
port will advance our understanding of the validity of the
energy equipartition assumption in assessing nonthermal
pressure gradients in gaseous halos (e.g., Schmidt 2016).
Finally, it is clear that edge-on galaxies alone will not
fully illuminate the vertical structure, support, and kine-
matics of eDIG layers. Ongoing efforts to study the
vertical bulk velocities and velocity dispersions in low-
inclination galaxies will be a powerful complement to the
high-inclination perspective (e.g., Boettcher et al. 2017),
allowing more rigorous testing of the ideas discussed here.
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7. APPENDIX
7.1. Example Spectra and Gaussian Fits
In Fig. 11, we show example spectra from the minor
axis on the northeast side of the galaxy (s1). In the top
panel, the Gaussian fits for detected Hα and [NII]λ6583
lines are shown; the corresponding residuals are given in
the bottom panel. In general, the emission-line profiles
are well characterized by a single Gaussian fit. How-
ever, at high S/N, low- and/or high-velocity wings are
apparent in some locations. This is particularly evident
for the red wing seen in both the Hα and [NII] resid-
uals at z = 1.2 kpc. While detection of such wings is
challenging at high |z| due to the low S/N, the detec-
tion of these wings at low |z| suggests the presence of gas
at more extreme velocities than are considered in this
work. Higher S/N spectra that can better characterize
the emission-line wings would help to determine whether
there is an additional, low-surface-brightness component
with a higher velocity dispersion than quantified here.
We provide the best-fit Gaussian parameters in
machine-readable tables available online (see Tab. 4 -
7). Portions of these tables are given below for guidance
with respect to their form and content.
7.2. A Mass Model for NGC 5775
To determine the galactic gravitational potential of
NGC 5775, we follow Collins et al. (2002) in adopting the
mass model presented in the Appendix of Wolfire et al.
(1995). This model consists of a disk, spherical bulge,
and logarithmic halo; although it is developed for the
Galaxy, it can be adapted to other systems by adjust-
ing the vcirc parameter. We take vcirc = 195 km s
−1to
match the HI rotation curve of NGC 5775 (Irwin 1994),
and we compare the adapted Wolfire et al. (1995) and
Irwin (1994) rotation curves in Fig. 12. The rotation
curves are in good argeement at large R; discrepancy at
small R may be due to lack of HI in the inner part of the
galaxy. For the disk, bulge, and halo components, the
gravitational potential, Φ(z,R), and the gravitational ac-
celeration, −gz = −
dΦ(z,R)
dz , are given in Eq. (A1) - (A3)
and (A7) - (A9) of Wolfire et al. (1995).
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TABLE 4
Best-fit Emission-line Properties: s1
z IHα vHα
a σHα
b [OI]λ6300
Hα
v[OI] σ[OI] ...
c
(kpc) (10−17 erg cm−2 s−1 arcsec−2) (km s−1) (km s−1) (km s−1) (km s−1)
8.1 0.5 ± 0.1 1637 ± 7 42 ± 7 0 0 0 ...
... ... ... ... ... ... ... ...
a The heliocentric radial velocity.
b The line width corrected for the spectral resolution. σ refers to the standard deviation and not the FWHM of the
Gaussian fit.
c The remaining columns give the line ratio with respect to Hα, velocity, and velocity dispersion for the [NII]λ6583
and [SII]λ6717 lines. Null entries indicate locations where the relevant emission line was not detected. This table
is available in its entirety in machine-readable form.
TABLE 5
Best-fit Emission-line Properties: s2
R IHα vHα
a σHα
b [NII]λ6583
Hα
v[NII] σ[NII] ...
c
(kpc) (10−17 erg cm−2 s−1 arcsec−2) (km s−1) (km s−1) (km s−1) (km s−1)
13.5 1.1 ± 0.1 1532 ± 5 46 ± 5 0 0 0 ...
... ... ... ... ... ... ... ...
a The heliocentric radial velocity.
b The line width corrected for the spectral resolution. σ refers to the standard deviation and not the FWHM of the
Gaussian fit.
c The remaining columns give the line ratio with respect to Hα, velocity, and velocity dispersion for the [SII]λ6717
line. Null entries indicate locations where the relevant emission line was not detected. This table is available in its
entirety in machine-readable form.
TABLE 6
Best-fit Emission-line Properties: s3uv
z I[OII]
[OII]λ3729
[OII]λ3726
v[OII]
a σ[OII]
b
(kpc) (SALT ADU) (km s−1) (km s−1)
5.8 11 ± 9 2.0+0.83
−0.83 1651
+16
−16 30
+26
−16
... ... ... ... ...
a The heliocentric radial velocity.
b The line width corrected for the spectral resolution. σ refers to
the standard deviation and not the FWHM of the Gaussian fit. This
table is available in its entirety in machine-readable form.
TABLE 7
Best-fit Emission-line Properties: s3o
z IHα vHα
a [OII]λ3727
Hα
[OIII]λ5007
Hα
[OI]λ6300
Hα
[NII]λ6583
Hα
(kpc) (SALT ADU)
8.1 96 ± 17 1714 ± 23 0 0 0 0
... ... ... ... ... ... ...
a The heliocentric radial velocity. Null entries indicate locations where the relevant emission line
was not detected. This table is available in its entirety in machine-readable form.
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